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Association of Root-Knot Nematode Resistance Genes with Simple Sequence Repeat
Markers on Two Chromosomes in Cotton

Pavathi Ynturi, Johnie N. Jenkins,* Jack C. McCarty, Jr., Osman A. Gutierrez, and Sukumar Saha

ABSTRACT

Breeding for root-knot nematode (RKN) [Meloidogyne incog-
nita (Kofoid & White) Chitwood] resistance in cotton (Gossypium
hirsutum L.) is hindered by intensive screening procedures. Identifi-
cation of DNA markers associated with RKN resistance would pro-
vide tools for marker-assisted selection (MAS). The objective of this
study was to identify DNA markers associated with RKN resistance
and associate these with chromosomes. Parents and an F, population
from a cross of resistant near isoline (RNIL) X susceptible near iso-
line (SNIL) were grown in a greenhouse, inoculated with RKN eggs,
and scored for gall index, followed by genotyping with simple se-
quence repeats (SSRs). The source of the resistance was from the
Auburn 634 line. Genotype analysis was conducted on 86 F, plants
with nine polymorphic SSR markers. Additive dominance model
analysis showed that Brookhaven National Laboratory (BNL) SSR
markers BNL 3661, 3644, 3545, and 1231 accounted for 21, 19, 12, and
11% of the variation in gall index, respectively. BNL 3661 and 1231
together accounted for 31% of the variation in gall index. BNL 3661
had significant additive and dominant genetic effects of 0.61 and 0.50,
respectively. BNL 1231 had significant additive genetic effects of (.51
and no dominant effects. BNL 3661, 3544, and 3645 were linked and
these markers were located on the short arm of chromosome 14. BNL
1231 is located on the long arm of chromosome 11. The association of
two different chromosomes with RKN resistance suggests at least two
genes are involved in RKN gall score in the cross studied.

HE ROOT-KNOT NEMATODE is a serious pest of cotton.

The nematode produces giant cells that act as met-
abolic sinks, reducing the ability of the root system to
provide nutrients and water to the shoot. Conventional
breeding programs for developing RKN resistance are
time-consuming, labor-intensive, and may require both
greenhouse and field evaluations. Identity of DNA
markers closely associated with RKN resistant gene(s)
will expedite the breeding process by allowing marker-
assisted selection (MAS).

McPherson (1993) and McPherson et al. (2004) re-
ported that a minimum of two genes control the high
level of RKN resistance in M-315 RNR and one gene in
moderately resistant M-78 RNR. Jenkins et al. (1995)
data on postpenetration development of RKN in M-78
RNR and M-315 RNR also support the two-gene model.
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McPherson et al. (1995) reported that two major genes,
one dominant and one additive gene controlled RKN
resistance in Auburn 623 RNR-derived lines and named
the dominant genes Mi; and the additive gene Mi,.
Bezawada et al. (2003) reported in their study that a
single recessive gene controlled the RKN resistance trait
in moderately resistant Clevewilt 6-1. They also reported
weak association with BNL 1421; however, this marker
showed distorted segregation which they indicated
may have caused a false linkage. Wang et al. (2006a) re-
ported a single recessive gene in linkage group A03 was
responsible for the resistance in Acala NemX. They fur-
ther reported SSR marker CIR 316a to be 2.6 CM away
from this recessive gene they call rknl and SSR marker
BNL 1231 was 18.4 units away. Zhou (1999) and Zhou
et al. (1999) reported that a single recessive gene con-
trolled the resistance in moderately resistant commercial
cotton cultivars, Acala NemX and Stoneville LA 887, and
two major genes in the resistant cotton line M-240 RNR
(Shepherd et al., 1989, 1996). The later was derived from
the Auburn 634 source (Shepherd, 1982, 1983). Turcotte
et al. (1963) reported that two homozygous recessive
genes conditioned the resistance in the F, population in
a cross of G. barbadense L.

The objective of this research was to identify SSR
markers associated with RKN genes and to assign these
markers to specific chromosomes.

MATERIALS AND METHODS

A susceptible near isogenic line (SNIL), a resistant near
isogenic line (RNIL), and an F, population of 86 plants were
used in this study. The near isogenic lines were developed in
our research program by crossing a highly resistant Auburn
634 RNR-derived line with susceptible cultivar Stoneville 213
(ST213) and backcrossing four times to ST213 while selecting
resistant and susceptible sister lines.

We used the modified methods of Shepherd (1979) to screen
for RKN resistance in the greenhouse. Roots from RKN,
race 3, infected tomato, and cotton plants were placed in
1.05% NaOCl solution and placed on a mechanical shaker for
3 min following the method of Hussey and Barker (1973) to
obtain inoculum.

Individual plants of parental lines (M8 susceptible check, M-
315 RNR resistant check) and F, were grown in 8.9 X 7.6 cm
(diameter X depth) plastic pots placed in equidistant holes of
6-cm depth in the greenhouse beds. The pots and greenhouse
beds were filled with screened, methyl bromide-fumigated
Wickham sandy loam soil (fine-loamy, mixed, semiactive, ther-
mic Typic Hapludults). Those pots were inoculated with ap-
proximately 10000 RKN eggs after planting a seed. The bed
was covered for 7 d with sequential layers of brown paper and

Abbreviations: BNL, Brookhaven National Laboratory; LOD, log
likelihood ratio; MAS, marker-assisted selection; RKN, root-knot
nematode; RNIL, resistant near isogenic line; SNIL, susceptible near
isogenic line; ST213, Stoneville 213; SSR, simple sequence repeats.
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black plastic to allow for hatching and dispersal of the juve-
niles into the soil and germination of seed. Eighty-six F, plants
from RNIL X SNIL, 30 of each of the parental lines, 30 M8
(susceptible check), and 30 M-315 RNR (resistant check)
plants were grown and scored for gall index. Six weeks after
emergence, the plants were excised approximately 5 cm from
the soil line and the soil was gently washed away from roots
with running water. The washed roots were held in pots filled
with water for root gall scoring. The root galling was rated
on each plant, individually by three persons using a 1 to 5 in-
dex (Shepherd, 1983), where gall indices 1 = plants with no
galls or very few galls, 2 = plants with a few small-sized galls,
3 = plants with a moderate number of galls, mostly medium
sized, 4 = plants with many large-sized galls, 5 = all most all the
roots in the plant covered with large galls. Data used for analy-
sis are mean gall index of plants rated by three people. Thus,
mean index is recorded with one decimal place.

Leaf samples were collected from individual plants, placed
in liquid nitrogen, freeze-dried, and ground before storing in a
freezer at —50°C (Saha et al., 1997). DNA from 150 mg stored
leaf samples of five individual plants of each of the parental
lines and 86 individual F, plants of the RNIL X SNIL cross was
extracted using a DNeasy Plant Mini Kit (Qiagen, Santa
Clarita, CA) following the manufacturer’s protocol.

Fluorescent-labeled 5’ SSR primers and unlabeled 3" SSR
primer pairs used in this study were purchased from Sigma
Genosys (The Woodlands, Texas) and PE Applied Biosystems,
(Foster City, CA). The fluorescent-labeled 5’ SSR primers are
labeled with 6-FAM (6-carboxyfluorescein), HEX (4,7,2',4',5,
7-hexachloro-carboxyfluorescein) and NED (7’,8'-benzo-5-
fluoro-2',4,7 -trichloro-5-carboxyfluorescein).

Gene Amp PCR reagent kits (PE Applied Biosystems,
Foster City, CA) were used to perform a polymerase chain re-
action (PCR). The genomic DNA sample was amplified using
SSR primers in 10 pL reactions containing 1X Gene Amp
PCR Gold Buffer, 0.15 pM SSR primers, 2.5 mM MgCl,,
0.5 units Ampli Taq Gold DNA polymerase, 0.2 mM dNTP,,
and 20 ng of the template DNA sample. The PCR was con-
ducted according to the method of Gutierrez et al. (2002).

The RNIL and SNIL parents were screened with 326 Brook-
haven National Laboratory (BNL) SSR markers to identify
polymorphic markers. The 15 identified polymorphic markers
were used to screen 10 highly resistant (lowest gall index) and
10 highly susceptible (highest gall index) individual plants of
the RNIL X SNIL F, population in a modified bulk segregate
analysis to find markers likely to be associated with resistance
or susceptibility. The nine potential associated markers were
then used to screen the 86 individual F, plants.

An automated capillary electrophoresis system ABI 3100
genetic analyzer (PE Appl. Biosystems, Foster City, CA) with
GeneMapper software version 3.5 (PerkinElmer, Norwalk, CT)
was used to run and analyze the PCR-amplified DNA frag-
ments following the overall method of Gutierrez et al. (2002).
To eliminate the effect of comigration and instrument noise,
an SSR marker was considered to be a valid data point only
if peak height on the Y-axis was at least 100 fluorescent units
and the peaks showed at least a 1 bp difference from the closest
marker on the X-axis. Variations in the amplified products were
compared with an internal DNA size standard labeled with
the ROX dye. Computer-assisted analysis of the data was per-
formed with GeneMapper Software v3.5.

Single-factor analyses of variance were conducted in SAS
Proc GLM (SAS Institute, 2001) to estimate additive and dom-
inant effects associated with each marker in the data set
(Edwards et al., 1987). Markers that had significant individual
effects were then considered for developing multiple-marker
modelsin SAS Proc GLM. The marker with highest significance

was entered into the multiple-marker model first, followed
by the locus with second-highest significance, and so forth. At
each step, the significance of each locus was retested based on
Type I11I sums of squares. Any loci not significant at P < 0.05 in
the multiple locus model were dropped from the model. This
process continued until no additional markers could be added
that remained significant in the multiple marker model, re-
sulting in a final model. In addition, each significant marker
locus was tested for epistatic interactions with all other signif-
icant marker loci using SAS Proc GLM (Holland, 1998).

Join Map 3.0 (Van Ooijen and Voorrips, 2001) software
was used to calculate genetic linkage in the F, population. SSR
peaks were scored as present (1) or absent (0) by the ABI
GeneMapper v3.5 software and verified by visual inspection.
Data coded (0) and (1) were transformed to A, B, and H geno-
type codes according to the presence of the resistant or sus-
ceptible parent fragment or the presence of both fragments,
following the Join Map procedure. Linkage groups were ob-
tained using a log likelihood ratio (LOD) score of 4 and a
maximum recombination frequency of 0.45. To check marker
segregation, Chi-square tests were used. For the codominant
molecular markers, segregation was tested against an expected
1:2:1 frequency and dominant molecular marker segregation
was tested against an expected 3:1 frequency.

Cytologically identified monosomic and monotelodisomic
chromosome substitution lines (BC, F;), developed from a cross
between aneuploid or monotelodisomic TM-1 (G. hirsutum L.)
variants and euploid 3-79 (G. barbadense L.), were used to
identify the chromosomal location of the SSR markers based on
adeletion method (Saha and Stelly, 1994; Liu et al.,2000; Karaca
etal.,2002). F; plants used were from the monotelodisomes for
1Lo, 1sh, 2Lo, 2sh, 3Lo, 3sh, 4Lo, 4sh, 5Lo, 6o, 6sh, 7Lo, 7sh,
9Lo, 10Lo, 10sh, 11Lo, 12Lo, 14Lo, 15Lo, 16Lo, 16sh, 17sh,
18Lo, 18sh, 20Lo, 20sh, 22Lo, 22sh, 25Lo, 26Lo, and 26sh and
from monosomes H1, H2, H3, H4, H6, H7, H9, H10, H11, H12,
H16, H17, H18, H20, H23, and H25.

The markers associated with RKN resistance gene loci were
tested for polymorphisms between parents TM-1 and 3-79.
These polymorphic markers were then screened across the F;
cytogenetic stocks to identify their chromosomal association.
When a cytogenetic stock showed the presence of both TM-1
and 3-79 alleles, it was considered that the marker allele was
not located on the particular deficient chromosome or chromo-
some arm but if the plant exhibited a hemizygous pattern, i.e.,
TM-1 allele was missing, whereas 3-79 band was present, then
it was considered that the marker was located on the missing
chromosome or chromosome arm of the plant.

RESULTS AND DISCUSSION

The mean gall index ranged from 1.0 to 2.3 for M-315
RNR and the range in the M8 and ST213 susceptible
populations was 2.7 to 5.0 with most plants scoring 4.0
or greater. The SNIL index ranged from 3.7 to 5 with
most plants scoring 4.7 or 5.0. The RNIL index ranged
from 1.0 to 3.7 with six plants scoring greater than 2.3.
The frequency distribution of the gall index of RNIL X
SNIL F, plants is shown in Table 1.

McPherson et al. (2004), using lines from the Auburn
634 source, suggested a two-gene model and the des-
ignations of Mi; and Mi, for the two genes. Wang et al.
(2006a) reported a single recessive gene (rkn;) respon-
sible for the resistance in NemX. They further identi-
fied a marker Cir316a that was only 2 centimorgans
away from this recessive gene and reported it to be in
linkage group A03.
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Table 1. Segregation of root-knot nematode gall index among 86 F, plants from a cross of RNIL X SNIL.

Parameter RNIL X SNIL Cross
Gall index 1.0 1.3 1.7 2.0 23 2.5 2.7 3.0 33 3.5 3.7 4.0 4.3 4.7 5.0
No. plants 5 3 1 9 6 1 3 12 5 0 13 6 11 4 7

We found 14 BNL polymorphic SSR markers be-
tween the RNIL and SNIL parents. We did not expect a
large number of polymorphic markers since these two
lines are near isolines which differ for resistance genes.
Thesel4 polymorphic markers were used to individu-
ally genotype 10 highly resistant and 10 highly suscep-
tible F, individual plants. Nine BNL markers appeared
to be linked with resistance (Table 2). These nine po-
tential polymorphic markers were used to screen 86
individual F, plants. Seven markers segregated as co-
dominant and two (BNL 3977 and 3537) as dominant
markers and all markers segregated normally, except
BNL 3977 where there were more plants than expected
with the marker allele from the RNIL parent.

Marker data showed that BNL 3661, BNL 3545, BNL
3644, and BNL 1231 were significantly associated with
the RKN gall index, whereas the other five markers
were not. Twenty one percent of the gall index variation
was explained by BNL 3661, 19% by BNL 3644, 12% by
BNL 3545, and 11% by BNL 1231 (Table 3). BNL 3661
and BNL 3644 explained 26%; BNL 3661 and BNL 1231
explained 31% (Table 4). BNL 3661 exhibited signifi-
cant additive and dominant genetic effects, whereas
BNL 1231 had only significant additive genetic effects.
When the additive dominance model contained BNL
3661 and BNL 1231, additive and dominant genetic ef-
fects for BNL 3661 and additive effects for BNL 1231
were indicated (Table 4) and thus a two-gene model was
indicated. No epistasis was found. Since only 31 to 37%
of the variation in gall index could be explained by the
markers on chromosome 11 and 14, the possibility exists
that other genes may be involved in resistance that could
not be detected because of lack of polymorphisms.

A linkage map was constructed using Join Map 3.0
software. The one linkage group found consisted of
BNL 3661, BNL 3644, and BNL 3545 (Fig. 1) with a
LOD score of 4. These markers were also found asso-
ciated with RKN resistance in the regression analysis.
Ynturi (2005) reported that chromosomes 14 and 20
(thus at least two genes) were involved and that BNL
1231 was on chromosome 20; however, our current data
place BNL 1231 on chromosome 11. The genetic dis-
tance between BNL 3661 and BNL 3644 was 7 cM and

Table 2. Polymorphic SSR markers and allele size in the RNIL
and SNIL parents.

RNIL Allele size:

SNIL Allele size:

Primer base pair base pair Type
BNL 598 123 125 codominant
BNL 1231 195 189 codominant
BNL 1673 168 195 codominant
BNL 3537 187 - dominant
BNL 3545 117 137 codominant
BNL 3644 192 188 codominant
BNL 3661 185 195 codominant
BNL 3875 135 133 codominant
BNL 39771 124 - dominant

+ Distorted segregation.

between BNL 3644 and BNL 3545 was 4 cM. BNL 1231,
although associated with resistance, was not associated
with this linkage group, further suggesting that two
genes are involved in resistance.

The four codominant SSR markers associated with
RKN resistance were polymorphic between the euploid
parents TM-1 and 3-79, thus they could be assigned to
chromosomes. TM-1 and 3-79 are the parents of the
cytogenetic F; stocks used to assign markers to chromo-
somes. When screened against monosomic and mono-
telodisomic F; cytogenetic stocks, BNL 3661, BNL 3644,
and BNL 3645 were missing on Tel4Lo (short arm 14
missing in the plant). This indicates that these marker
alleles are located on the short arm of chromosome 14.
We will now screen additional chromosome 14 markers
to further fine map the location of this gene. BNL 1231
was reported by Wang et al. (2006b) to be in linkage
group A03. Gutierrez (unpublished data, 2005) showed
that BNL 1231 was present on TellLo but missing on
the H11 when the entire TM-1 chromosome 11 was
missing, thus placing BNL marker 3661 on the long arm
of chromosome 11. Wang et al. (2006b) using fluores-
cence in situ hybridization mapping showed that A03 is
chromosome 11. This indicates that two chromosomes,
the short arm of chromosome 14 and the long arm of
chromosome 11, contain markers associated with RKN
resistance. This further confirms that two genes for
resistance are probably correct. It is interesting that the
recessive gene in our line and the recessive gene in NemX
are in the same linkage group. This may indicate a re-
sistance gene cluster or they may not be closely linked.

Our data show that the gene on the short arm of chro-
mosome 14 linked to BNL 3661 is a gene with dominant
and additive genetic effects, whereas the gene linked
with BNL 1231 on chromosome 11 only has additive
genetic effects. We could not test for association of BNL
1421 that Bezawada et al. (2003) suggested as possi-
bly linked with RKN resistance because it was not poly-

Table 3. Genetic effects and coefficients of determination asso-
ciated with single markers and root-knot nematode gall index
using the additive dominance model with 86 F, plants.

Gall index

Mean Mean Mean Additive Dominant
Marker R? At B: H§ effect effect
BNL 3661  0.21%* 2.9 4.1 2.9 0.56%* —0.61°*
BNL 3644  0.19%* 2.6 3.9 31 0.69+* -0.22
BNL 3545  0.12%%* 2.5 3.7 32 0.60+* 0.0
BNL 1231  0.11%* 2.8 3.8 32 0.52+* -0.11
BNL 598 0.00 34 31 32 -0.14 0.02
BNL 3537  0.00 32 33 - 0.00 -
BNL 1673  0.02 34 2.9 33 -0.27 0.15
BNL 3977  0.00 32 33 - 0.08 -
BNL 3875  0.00 33 32 32 -0.03 -0.07

** Significant at 0.01 level.

T A is mean gall index of plants with only marker allele of resistant parent.

£B is mean gall index of plants with only marker allele of suscepti-
ble parent.

§ H is mean gall index of plants with one marker allele from each parent.



e
(]
e
(]
(2]
(0]
=
(2]
a—

Ny

12
=
>
Q
Q
(&)

<
@

2
fum
(0]
S

<

“—
o
>
=

2
(&)
o

w
(O]
(&)
c

2
O

w
Q
o
=

O
>

o]

e
(0]

<

2

o
>

o
@
O
c

2
(&)

(0}
Q
o
=

(®)
S
o
=

"y

e
(0]
(&)
>

e
o
=
o
(O]

o

YNTURI ET AL.: RKN MARKERS 2673

Table 4. Genetic effects and coefficients of determination associ-
ated with multiple markers and root-knot nematode gall index
using the additive dominance model.

Additive Dominant
Markers R effect effect
Additive dominance model
BNL 3661 + 3644 0.26%* - -
BNL 3661 - 0.30 —0.99%%
BNL 3644 - 0.36 0.56
BNL 3661 + 1231 0.31%* - -
BNL 3661 - 0.61%+* 0.50*
BNL 1231 - 0.571%* 0.10
BNL 3661 +3644 + 3545 0.287%* - -
BNL 3661 - 0.28 —0.95%%
BNL 3644 - 0.59 0.08
BNL 3545 - 0.23 0.52
BNL 3661 + 3644 + 3545 + 1231  0.37** - -
BNL 3661 - 0.24 0.66
BNL 3644 - 0.64 0.18
BNL 3545 - 0.20 0.57
BNL 1231 - 0.50%* 0.00

* Significant at 0.05 levels.
** Significant at 0.01 levels.

morphic in the RNIL and SNIL parents. However, our
data would suggest that linkage with BNL 1421 is prob-
ably spurious since this marker is located on chromo-
some 16 and Bezawada et al. (2003) indicated that the
linkage might be spurious because of the abnormal seg-
regation of this marker in their population. McPherson
et al. (2004), our current data, Zhou (1999), and Zhou
et al. (1999) report a two-gene model for resistance in

Ch14
0 BNL3661-186
7 BNL3644-193
11 BNL3545-118

Fig. 1. Chromosome 14 linkage group associated with RKN resistance.

the M-315, RNIL, and M-240 sources, respectively. Con-
sidering our current data with the published data, there
are genes on two chromosomes involved in the Auburn
634 source of RKN resistance and we have identified
SSR markers associated with these genes. This informa-
tion should be very useful in commercial breeding pro-
grams for resistance to RKN.
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